The secretory efficiency of recombinant xylanase xynB from yeast Pichia pastoris between the α-factor preprosequence and a classical mammalian signal peptide derived from bovine β-casein was compared. The results showed that although the bovine β-casein signal peptide could direct highlevel secretion of recombinant xylanase, it was relatively less efficient than the α-factor preprosequence. In contrast, the bovine β-casein signal peptide caused remarkably more recombinant xylanase trapped intracellularly. Realtime RT-PCR analysis indicated that the difference in the secretory level between the two signal sequences was not due to the difference in the transcriptional efficiency.
The methylotrophic yeast Pichia pastoris has been engineered into a highly successful system for secreting a variety of recombinant proteins [6] . The Saccharomyces cerevisae α-factor preprosequence is the most widely used secretory signal in P. pastoris. This sequence consists of a 19-amino-acid signal sequence (presequence) followed by a 66-amino-acid prosequence, which contains three potential N-linked glycosylation sites and a dibasic Kex2 endopeptidase processing site [8] . This signal sequence has been successfully used for directing a variety of heterologous proteins into culture medium. However, in many cases, the additional N-terminal Glu-Ala repeats were inefficiently processed. Moreover, hyperglycosylation could happen on the uncleaved prosequence [11] . Therefore, the α-factor preprosequence is not an ideal leader sequence for obtaining correctly processed heterologous proteins, and searching for an alternative leader sequence would be required. The 15-amino-acid bovine β-casein signal peptide is one of the classical mammalian signal peptides. It directs secretion of β-casein protein into milk efficiently [7] . Moreover, this signal sequence has been successfully employed to direct high-level secretion of heterologous proteins into transgenic milk [13, 14] . We were curious to know whether this classical mammalian signal peptide is capable to direct secretion of heterologous proteins from yeast, and is correctly processed on the N-terminus, and become a promising alternative secretory signal of the α-factor preprosequence. Therefore, in this study, the secretory efficiency of a thermostable xylanase xynB by α-factor preprosequence and bovine β-casein signal peptide was compared based on single-copy-number integrants.
The xylanase gene xynB, derived from Streptomyces olivaceoviridis A1 (GenBank Accession No. DQ465452.1), was synthesized by Sangon Biotech (Shanghai, China). To generate secretory expression vector pPICZα-XYNB, which contains the α-factor preprosequence, the synthesized gene was cloned upstream of the His tag in the yeast expression vector pPICZαA (Invitrogen, CA, USA) (Fig. 1A) . Similarly, to construct vector pPICZ-CSN2SP-XYNB, which contains the bovine β-casein signal peptide, the synthesized gene was first fused with bovine β-casein signal peptide, and then cloned upstream of the His tag in the yeast expression vector pPICZA (Invitrogen, CA, USA) (Fig. 1B) . After electroporation of plamids into P. pastoris X33 competent cells, positive transformants were first screened on YPDS [1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose, 1 M sorbitol, and 2% agar] supplied with 100 µg/ml Zeocin (Invitrogen, CA, USA) for 4 days [1] , and then confirmed by PCR analysis. It has been recognized that multiple copies of transgenes may integrate after electroporation, and gene dosage has been proven to influence the expression levels of some proteins [4, 12, 15] . Therefore, *Corresponding author Phone: +86-020-39332788; Fax: +86-020-39332940; E-mail: chyaosh@mail.sysu.edu.cn in order to draw a more reliable comparison result, we applied a quantitative real-time PCR (qPCR) method [15] to determine the copy number of transgenes in the positive transformants. Then, only single-copy-number integrants were selected for the comparison experiments. Positive transformants were cultured in flasks containing 20 ml of BMMY [1% (w/v) yeast extract, 2% (w/v) peptone, 1% (w/v) methanol, 1.34% YNB, 4 × 10
% biotin, 100 mM potassium phosphate (pH 6.0)] at 30 o C while shaking at 275 rpm. During continuous culture of the cells, methanol was supplemented to a concentration of 1% (v/v) every 24 h to maintain the induction. The 200 ml aliquots of supernatant were collected every 24 h and used to measure the culture's optical density at 600 nm and the enzymatic activity of the recombinant xylanase. Enzymatic activity was detected using the DNS method [2, 10] . As shown in Fig. 2A and 2B, both signal sequences were able to direct recombinant xylanase secreting into culture medium. (A) Expression vector for xylanase fused with α-factor preprosequence. The coding region of xylanase XYNB was inserted downstream of the secretory signal of the α-factor preprosequence on the pPICZαA vector in a reading frame enabling the production of a recombinant protein fused with a c-myc epitope and a His tag. The dashed line indicates the end of the 19-amino-acid signal signal peptide (presequence). The n, h, and c regions of the signal peptide are shown on green, orange, and blue background [3] . Three potential N-linked glycosylation sites on the 66-amino-acid prosequence are shown on grey background. Arrowheads indicate Kex2 endopeptidase cleavage site and Ste13 dipeptidyl aminopeptidase cleavage sites of Glu-Ala repeats. (B) Expression vector for xylanase fused with bovine β-casein signal peptide. The coding region of xylanase XYNB fused with bovine β-casein signal peptide was inserted into pPICZA vector in a reading frame enabling the production of a recombinant protein fused with a c-myc epitope and a His tag. The n, h, and c regions of the signal peptide are shown on green, orange, and blue background. Thirty µl of supernatant from each sample was loaded into a gel for SDS-PAGE analysis, and 0.5 µl of supernatant was used for Western blot analysis. M indicates protein molecular weight standards. Endo H indicates the glycosidase endo H. Super and Intra stand for the supernatant sample and intracellular sample, respectively. The ◇ stands for the pPICZα-XYNB integrants, and ○ indicates pPICZ-CSN2SP-XYNB integrants. Both the enzymatic activity and the optical density of each sample were measured in triplicate. The value is presented as mean ± SE (n = 3).
However, the secreted recombinant xylanase exhibited two isomers, of which both were apparently greater than the 21 kDa theoretical molecular mass. This indicates that posttranslational glycosylation has occurred. After removing the N-linked oligosaccharides from the secreted xylanase by glycosidase endo H, the apparent molecular mass of the deglycosylated protein was reduced to around 21 kDa (Fig. 2D) . Obviously, the recombinant xylanase secreted from the pPICZ-CSN2SP-XYNB transformant was slightly greater than that secreted from the pPICZα-XYNB transformant, and this difference in molecular mass remained largely unchanged after deglycosylation. Therefore, it suggests the bovine β-casein signal peptide was not correctly removed from the recombinant xylanase.
It is clear that during the same period of induction, the α-factor preprosequence can direct apparently more recombinant proteins into culture medium than bovine β-casein signal peptide ( Fig. 2A and 2B) . Accordingly, the enzymatic analysis exhibited a similar result (Fig. 3A and  3B) . The α-factor preprosequence was able to direct secretion of up to 4,269.30 IU/ml recombinant xylanase comparing with 2,755.126 IU/ml by the bovine β-casein signal peptide at the end of 8 days induction (Fig. 3A) . The difference in the secretion level between the two signal sequences remained largely unchanged after normalizing the xylanase activity to the optical density of the yeast cells in the supernatant (Fig. 3B) . When we examined the intracellularly trapped recombinant proteins, it was obvious that the bovine β-casein signal peptide caused apparently more abundant accumulation of xylanase than the α-factor preprosequence (Fig. 2C) . Surprisingly, the more abundant retained recombinant xylanase in pPICZ-CSN2SP-XYNB transformants did not present a higher, but a lower enzymatic activity. Moreover, during induction, increasing amount of intracellularly retained recombinant xylanase did not exhibit a steady increase in enzymatic activity, whereas the enzymatic activity reached to the peak on day 6 of induction, and then dropt sharply at the end of induction. The dropping was more sharp in pPICZ-CSN2SP-XYNB transformants ( Fig. 3C and 3D ). This may indicate that bovine β-casein signal peptide caused a considerable part of recombinant proteins to accumulate intracellularly in an unfolded or misfolded form, due to a saturation of available secretory chaperones and foldases in the endoplasmic reticulum (ER) of the yeast cell. It is generally considered that secretion of functional recombinant proteins requires normal functioning of the ER-Golgi secretory pathway in host cells; however, this pathway can be easily congested with unfolded or misfolded proteins when recombinant proteins are highly overexpressed, and results in impaired secretion capacity [5] .
To investigate whether the difference in secretory level was caused by the difference in the transcriptional level, we used the real-time RT-PCR to detect the mRNA synthesis efficiency between Alpha-XYNB and CSN2SP-XYNB sequences. The results indicated that the transcriptional efficiency was generally not significantly different through the whole stage of induction, except that the mRNA amount of CSN2SP-XYNB was significantly greater than that of Alpha-XYNB on day 1 of induction (Fig. 4) . This was probably because polymerase required more time to synthesize the apparently longer fragment of the α-factor preprosequence compared with the bovine β-casein signal peptide. Therefore, the difference in the secretory efficiency between two signal sequences mainly was not caused by the different transcriptional efficiency.
Taking all of the results together, it is clear that although the bovine β-casein signal peptide can direct recombinant xylanase into the secretory pathway in yeast, compared with the α-factor preprosequence, it is not an optimal signal sequence for obtaining high yield production of correctly processed secretory proteins from P. pastoris. This suggests the underlying differences in the basic mechanism of secretion between mammalian species and yeast need to be further clarified. The expression of integrated gene relative to the internal reference gene MET2 was determined by the 2 -∆CT method [9] . Each qPCR analysis was repeated in triplicate. The value is presented as the mean ± SE. The solid bar represents pPICZα-XYNB integrants, and the open bar stands for pPICZ-CSN2SP-XYNB integrants.
